INTRODUCTION
Myogenesis is a highly complex and regulated process including cell cycle arrest and muscle specific transcription factor expression (1) . Skeletal muscle has been identified as the major tissue in glucose metabolism (2) . As an important energy source for skeletal muscle, intramyocellular lipid provides the fuel required for mitochondrial fat oxidation during exercise (3) . However, increasing evidence suggested that excessive intramyocellular lipid is significantly correlated with insulin resistance, which may ultimately lead to type 2 diabetes (4). Skeletal muscle fat therefore might be a promising target for diabetes therapy (5) . Recently, there are some reports indicated that the balance between fat synthesis and oxidation in skeletal muscle fat plays a crucial role in the development of insulin resistance (2, 3) .
Adiponectin (also known as GBP28, Acrp30, AdipoQ, apM1) is a hormone mainly secreted by adipocytes that found by four independent groups (6) , and plays an important role in the regulation of glucose and lipid metabolism. Adiponectin appears in the plasma of healthy people over a wide concentration range (1.9-17.0 mg/ml) (7) , showing insulin-sensitizing, antidiabetes and anti-atherogenic effects (8) . Plasma adiponectin concentration has been shown to be decreased in patients with obesity, cardiovascular diseases, hypertension and metabolic syndrome (9) . The bioactivity of adiponectin is mediated by its receptors AdipoR1 and AdipoR2, which bind globular and full-length adiponectin and lead to increased fatty acid oxidation and glucose uptake through activation of AMP-activated protein kinase (AMPK) and peroxisome proliferator-activated receptor (PPAR)-α signaling pathways (10, 11) . AdipoR1 is expressed chiefly in skeletal muscle, whereas AdipoR2 is most abundant in liver (10) . Moreover, there is an adaptor protein, APPL1, which interacts with adiponectin receptors and mediates adiponectin signal and function (12) , such as adiponectin-dependent insulin sensitization in skeletal muscle. Recently, the third adiponectin receptor T-cadherin has been isolated and found to be capable of binding adiponectin in C2C12 myoblasts, but not in hepatocytes (13) . Adiponectin stimulates fatty acid oxidation by activation of AMPK, p38 MAPK and increasing the transcriptional activity of PPARα and ACO in skeletal muscle and C2C12 myoblasts, thus reducing triglyceride content in these cells (14) . Recent studies found that adiponectin reduces lipid accumulation in macrophage foam cells though PPARγ and LXRα signal pathways (15) , and promotes adipocyte proliferation, differentiation and increases lipid content (16) . However, whether adiponectin is involved in the process of lipid accumulation in C2C12 myogenesis remains unclear. In this paper, we investigated the mechanism of adiponectin-mediated lipid accumulation in C2C12 myogenesis. Our results identified that the lipid accumulation in C2C12 is rapidly reduced during myogenesis, possibly due to increasing fatty acid oxidation via activation of ACO and decreasing fatty acid synthesis via reduced expression of FAS. Besides, we first found that adiponectin reduces intramyocellular lipid concentration in C2C12 myogenesis by promoting fatty acid oxidation, rather than fatty acid hydrolysis and synthesis. http://bmbreports.org 
RESULTS

Intracellular lipid accumulation markedly decreased in C2C12 myogenesis
Murine C2C12 myoblasts offer a model for studying myogenesis, as demonstrated by morphology (Fig. 1A ) and dynamic expression of MHC, a marker for differentiation of C2C12 (Fig. 1B) . The intracellular lipid accumulation in C2C12 cells during differentiation was determined by Oil Red O staining. Compared with undifferentiated cells (UN), the intramyocellular lipid accumulation is markedly reduced in differentiation C2C12 (DI) (Fig. 1C-E) .
Expression of fatty acid metabolism-related genes in myogenesis
The content of intramyocellular lipid is controlled by the balance between fat synthesis and oxidation. To investigate the mechanism regulating intramyocellular lipid accumulation in C2C12 myogenesis, we investigated the expression patterns of crucial genes for lipids oxidation (ACO), hydrolysis (HSL) and synthesis (FAS) during C2C12 differentiation by real-time PCR. The results showed that ACO mRNA level increased significantly ( Fig. 2A ) in C2C12 myogenesis (P ＜ 0.05), whereas the transcription of FAS decreased during this process (P ＜ 0.05) (Fig. 2C ). There is no significant change for HSL mRNA (Fig. 2B ). In addition, mRNA level of GLUT4, a marker for glucose uptake, significantly increased during C2C12 differentiation (P ＜ 0.05) (Fig. 2D) .
Intramyocellular lipid accumulation decreased in transient expression of adiponectin
To investigation whether adiponectin is involved in the process of lipid accumulation in C2C12 myogenesis, porcine adiponectin (either full-length or globular form) was respectively in- ther form of porcine adiponectin showed significantly higher expression of endogenous adiponectin (Fig. 3C ) and lower level of lipid accumulation (P ＜ 0.05) (Fig. 3A, B) .
Expression pattern of glucose and lipid metabolism-related genes in C2C12 cells transiently transfected with adiponectin
C2C12 cells transiently transfected with porcine adiponectin (either full-length or globular form) were employed to investigate the mechanism by which adiponectin reduces intramyocelluar lipid accumulation. In undifferentiated cells, over-expression full length or globular adiponectin remarkably up-regulated the mRNA level of T-cadherin, ACO and GLUT4 (P ＜ 0.05), as compared with controls cells transfected with plasmid alone, no significant changes have been detected for AdipoR1, AdipoR2, HSL, FAS, and APPL1 ( Fig. 4A-C) . In differentiated C2C12 cells, the mRNA level of AdipoR1, T-cadherin, ACO and GLUT4 was increased by transfection of either forms of adiponectin (P ＜ 0.05) (Fig. 4F) , while AdipoR2 was up-regulated by full-length adiponectin only (P ＜ 0.05) (Fig. 4D ), there were no significant changes for the expression of HSL, FAS, and APPL1 (Fig. 4B, C) , as compared with control cells. Besides, mRNA expression of AdipoR1 is much higher than AdipoR2 in both undifferentiated and differentiated C2C12 cells (Fig. 4A, D) , and ACO mRNA level was significantly higher than that of HSL and FAS (Fig. 4B, E) .
DISCUSSION
In agreement with the previous finding that no fat droplets can be detected by Oil Red O staining in mature C2C12 cells (17), we demonstrated that intramyocellular lipid content in C2C12 cells is significantly reduced during myogenesis. Since intramyocellular lipid accumulation correlates inversely with insulin sensitivity (4), adiponectin may play an important role in regulation of insulin response in skeletal muscle. The expression pattern of glucose and lipid metabolism-related genes, including acyl-coenzyme A oxidase (ACO), hormone sensitive lipase (HSL), fatty acid synthase (FAS) and glucose transporter protein 4 (GLUT4), was also examined during C2C12 differentiation. The results showed that the mRNA level of ACO is much higher than that of HSL and FAS in differentiated C2C12 cells, indicating the oxidation, rather than the synthesis and hydrolysis of fatty acids, is enhanced during myogenesis, which may partially explain the reduced fat accumulation in differentiated C2C12 cells. Besides, GLUT4 mRNA is up-regulated during C2C12 myogenesis as previously reported (18) . Taken together, these results suggested that lipid accumulation is rapidly reduced during C2C12 myogenesis, possibly through up-regulating ACO to increase fatty acid oxidation and repressing FAS to reduce fatty acid synthesis. Recently Tian et al. reported that adiponectin can reduce lipid accumulation through promoting lipid efflux and increasing lipid hydrolysis in macrophages (15) , in humans, recombinant adiponectin suppressed lipid accumulation in monocyte-derived macrophages (19) . The correlation between adiponectin and intramyocellular lipid content has also been highlighted in adiponectin knockout mice with significant higher intramyocellular lipid content, but the underlying mechanism remains elusive (20) . We reported here that adiponectin can reduce lipid accumulation during C2C12 myogenesis. Consistent with the previous reports that adiponectin is expressed in skeletal muscle and myotubes (20) , we detected adiponectin mRNA in differentiated C2C12 cells, but not in undifferentiated cells (data not show). Since serum adiponectin is associated with skeletal muscle morphology and insulin sensitivity (21), our results suggested that adiponectin may prevent insulin resistance in skeletal muscle by reducing lipid accumulation and increasing glucose uptake during myogenesis (Fig. 4G) . Further investigation is required to elucidate the detailed mechanism of adiponectin regulation.
Adiponectin plays an important role in the regulation of glucose and lipid metabolism (22) . It is reported that adiponectin stimulates glucose utilization and fatty acid oxidation by activat-http://bmbreports.org ing AMP activated protein kinase (AMPK), which is critical for lipid and glucose metabolism in skeletal muscle (22, 23) , and increases the transcriptional activity of PPARα and its target genes involved in mitochondrial β-oxidation (14, 24) . Besides, adiponectin increases glucose uptake by increasing GLUT4 expression and translocation in muscle cells and adipocytes (12, 16, 25) . Consistent with the previous studies, we found that the mRNA level of ACO and GLUT4, but not of FAS and APPL1, is remarkably up-regulated by over-expression of both full length and globular adiponectin in C2C12 cells, suggesting adiponectin can significantly reduce intramyocellular lipid accumulation during myogenesis by increasing the oxidation, rather than the hydrolysis and synthesis of fatty acids. Furthermore, either globular or full-length adiponectin can increase PPARα ligand activities and promote fatty acid oxidation in C2C12 myocytes (10), as well as reduce skeletal muscle triglyceride content in obese mice (26) via receptors AdipoR1 and AdipoR2. AdipoR1 is chiefly expressed in skeletal muscle and tightly linked to the activation of AMPK pathway, whereas AdipoR2 is most abundant in liver and involved in PPARα pathway (10, 11) . T-cadherin is an adiponectin receptor that lacks the transmembrane and cytoplasmic domains, which is capable of binding high molecular weight forms of adiponectin in C2C12 myoblasts (13) , although the mechanism of transmembrane signaling remains unclear. It has been suggested that T-cadherin probably acts as a co-receptor with unidentified receptors that have intracytoplasmic domains (27) . In the current study, we found that the transcription of adiponectin receptors, including AdipoR1, AdipoR2 and T-cadherin, as well as of the adaptor APPL1, is significantly up-regulated during C2C12 differentiation (data not shown). Over-expression of both full length and globular adiponectin up-regulated the mRNA level of T-cadherin, and AdipoR1 in differentiated C2C12 cells. The correlation between myogenesis and dynamic expression of adiponectin receptors implies adiponectin may play pivotal role in making skeletal muscle tissue a major site of glucose and lipid metabolism.
In conclusion, we have demonstrated in the present study that the lipid accumulation in C2C12 cells is rapidly reduced during myogenesis, apparently due to increased fatty acid oxidation and decreased fatty acid synthesis. Besides, our data first found that adiponectin reduces intramyocellular lipid accumulation through promoting fatty acid oxidation, rather than hydrolysis and synthesis, during C2C12 differentiation. Additional studies are needed to reveal whether adiponectin has effects on other aspects of C2C12 myogenesis.
MATERIALS AND METHODS
Materials
TRIzol was purchased from Sangon Co., Ltd. 
Plasmid construction
The coding sequences of full-length and globular adiponectin were separately obtained using RT-PCR and subcloned into pcDNA3.1 vector. The constructs were named respectively as adipoQ and globular-adipoQ. The primer sequences used were as follow (5'-3'): forward-GC GAA TTC GCC ACC ATG CTG TTG TTG GGA GC TGT, reverse-GC GGA TTC TCA TTC AAT GTT GTG GTA GA for full length adiponectin (GenBank accession no: NM_214370); and (5'-3'): forward-GC GAA TTC GCC ACC ATG GTC TAC CGT TCA GCA TTC AG, reverse-GC GGA TTC TCA TTC AAT GTT GTG GTA GA for globular adiponectin (NM_214370).
Plasmid extraction
Plasmids were propagated and extracted in Escherichia coli DH5α. Briefly, cells were lysed alkaline SDS, plasmid DNA was then purified by precipitation with polyethylene glycol 8000. The concentration of plasmid DNA was measured by the absorbance at 260 nm and diluted to 2 μg/μl.
Cell culture and differentiation
The C2C12 cell line was grown in DMEM supplemented with 10% fetal bovine serum at 37 o C with 5% CO2. To induce myogenesis, the growth media was replaced with differentiation media (DMEM supplemented with 2% horse serum) after the cells reach 70% confluence (12) , and continued the culture for certainly days.
Transient transfection of C2C12 cells
The plasmids were transiently transfected into C2C12 cells using Lipofectamine TM 2000 (Invitrogen) according to the manufacturer's instructions. Briefly, cells were incubated for 6 h in serum-free medium containing plasmid DNA and Lipofectamine 2000. The transfection medium was subsequently replaced with DMEM supplemented with 5% horse serum, and the cells were cultured for an additional 24 h, and harvested for RNA isolation.
RNA isolation and qPCR analysis
Total RNA was isolated from C2C12 cells using TRIzol. All the RNA samples were treated with RNase-Free DNase to remove genomic DNA and stored at −80 o C before use. Total RNA was reverse-transcribed using M-MLV Reverse Transcriptase, 0.5 μl of the cDNA product was amplified by PCR using gene-specific primers (supplement table 1) in a total volume of 20 μl with Brilliant SYBR Green qPCR master mix using IQ5 system (Bio-Rad). Relative gene expression was normalized to β-actin expression using the △△CT method.
Oil Red O staining
The cells were stained with Oil Red O as described previously (28) . Briefly, cells were washed twice with PBS, fixed in 4% paraformaldehyde for 0.5 h and stained for 30 min with a 0.4% (v/v) Oil Red O solution in 60% (v/v) isopropanol. The cells were washed with PBS before analysis. Optical density analysis was carried out by quantitative image analysis software.
Statistical analysis
Data are presented as mean ± SEM of three independent experiments. The comparison was carried out using Student's t test. A P value of less than 0.05 was considered to be statistically significant.
